Water balance cover (WBC) systems are attractive for waste management facilities in arid to semiarid environments because they are a lower cost alternative to conventional geotechnical soil or composite barrier-style covers. The required storage (S r ) for a WBC is dependent on climatic conditions, with the most influence from the seasonal balance of precipitation (P) and potential evapotranspiration (PET). Gridded meteorological datasets provide long-term, continuous, and accessible sources of P and PET for S r estimation. Six sites in Nevada were analyzed for the agreement among P, PET, and S r calculated from station and gridded meteorological data (gridMET). Two sites each at elevations of 0 to 1000 m asl, 1000 to 1500 m asl, and 1500 to 2000 m asl were considered during a 21-yr period. The gridMET and station-based P and S r were generally not significantly different for sites between 0 and 1500 m asl. For sites above 1500 m asl, the differences in P were significant. For the sites analyzed in this study, gridMET typically resulted in equivalent or more conservative estimates of WBC S r . Percolation rates from hypothetical WBCs were also simulated in the flow model HYDRUS to evaluate WBC performance when using station-based or gridMET-based atmospheric model boundary conditions. Simulations indicate that percolation rates are higher when gridMET atmospheric data are used vs. station-based data for five out of the six sites. This suggests that gridMET-based model boundary conditions provide a degree of conservatism in calculating WBC S r . This trend was not ubiquitous for all sites (one out of six did not follow), indicating that further study is required before applying these findings generally.
Water balance cover (WBC) systems are attractive for waste management facilities in arid to semiarid environments because they are a lower cost alternative to conventional geotechnical soil or composite barrier-style covers. The required storage (S r ) for a WBC is dependent on climatic conditions, with the most influence from the seasonal balance of precipitation (P) and potential evapotranspiration (PET). Gridded meteorological datasets provide long-term, continuous, and accessible sources of P and PET for S r estimation. Six sites in Nevada were analyzed for the agreement among P, PET, and S r calculated from station and gridded meteorological data (gridMET). Two sites each at elevations of 0 to 1000 m asl, 1000 to 1500 m asl, and 1500 to 2000 m asl were considered during a 21-yr period. The gridMET and station-based P and S r were generally not significantly different for sites between 0 and 1500 m asl. For sites above 1500 m asl, the differences in P were significant. For the sites analyzed in this study, gridMET typically resulted in equivalent or more conservative estimates of WBC S r . Percolation rates from hypothetical WBCs were also simulated in the flow model HYDRUS to evaluate WBC performance when using station-based or gridMET-based atmospheric model boundary conditions. Simulations indicate that percolation rates are higher when gridMET atmospheric data are used vs. station-based data for five out of the six sites. This suggests that gridMET-based model boundary conditions provide a degree of conservatism in calculating WBC S r . This trend was not ubiquitous for all sites (one out of six did not follow), indicating that further study is required before applying these findings generally.
Abbreviations: ACAP, Alternative Cover Assessment Program; ET, evapotranspiration; gridMET, gridded meteorological data; PET, potential evapotranspiration; WBC, water balance cover.
Water balance covers (WBCs) on waste containment facilities (e.g., landfills and mine waste repositories) can be cost-effective alternatives to monolithic, compacted soil or composite cover systems that are engineered as hydraulic barriers provided the local climate and design are appropriate. Whereas a conventional, barrier-style cover is designed to prevent percolation by low hydraulic conductivity (Albright et al., 2006a (Albright et al., , 2006b (Albright et al., , 2010 Apiwantragoon et al., 2015) , WBCs utilize the water storage capacity of unsaturated soil to store infiltration from precipitation (P) and then release that stored infiltration via evaporation (E) and/or evapotranspiration (ET), thereby limiting water available for percolation. The design and performance of various WBC systems has been studied and documented by multiple investigators, as summarized by Bareither et al. (2016) .
Much of the research on WBC systems is focused on the correct design of available soil-water storage (S a ) and performance of WBCs in different climates (Nyhan et al., 1997; Khire et al., 1999; Zornberg et al., 2003; Bohnhoff et al., 2009) . The S a is the fraction of porosity in WBC soil available for storing meteoric infiltration (Hauser, 2009) . In practice, S a must be engineered during WBC design. To engineer the appropriate S a , engineers must quantify the amount of required soil-water storage (S r ) such that S a ³ S r ´ FS, where FS is an appropriate factor of safety to account for engineering design uncertainty. The result of this calculation must be reasonably accurate to provide confidence among
Core Ideas
• Required storage is a critical design parameter for water balance soil covers.
• Gridded meteorological data and station data result in consistent required storage.
• Gridded data result in higher required storage for sites with significant snowfall.
• Modeled cover system performance based on station and gridded data is consistent.
• Gridded data tend to result in conservative or higher estimates of required storage.
regulators and other stakeholders that the cover system will function to necessary performance requirements and will be protective of the environment. The value of S r is calculated on a site-specific basis depending on the local net water budget. Prior to the Alternative Cover Assessment Program (ACAP; described by Albright et al., 2004; Bohnhoff et al., 2009; Apiwantragoon et al., 2015) , S r was difficult to estimate due to a dearth of field-scale data (Albright et al., 2010) . The components of a typical water budget for a WBC are included in Fig. 1 . The S r is climate-and site-specific and has been shown to be primarily dependent on P, E, and ET (Apiwantragoon et al., 2015) . The values of P, E, and ET for a site are typically measured or calculated from meteorological variables measured with an onsite meteorological monitoring station. Typically, a meteorological station, which includes instruments to measure temperature, wind speed and direction, relative humidity, and P, is used. In some cases, stations are also instrumented to measure solar radiation using a pyranometer or net radiometer. The meteorological station measures P and allows calculation of potential evapotranspiration (PET), which is then used as an approximation or upper bound of ET in a water budget. Site-specific station-based data may contain incomplete records, insufficient variable quality, and/or limited time-range data, which may preclude accurate calculation of S r for a given site (Bareither et al., 2016) . In these cases, surrogate meteorological data (Bareither et al., 2016) , which substitute estimates based on long-term averages or other available data for single or multiple unavailable meteorological variables, have been shown to produce statistically similar estimates of percolation rates in WBCs.
In the absence of on-site monitoring, nearby monitoring stations can be utilized with the understanding that uncertainty in S r estimates will increase with the distance and the difference in elevation of the station compared with the site in question. This is of particular concern in areas with highly variable topography in which microclimates can develop at small (<1 km) spatial scales (Abatzoglou, 2013) . Additionally, if off-site stations are used, quality assurance verification of the meteorological data is difficult. Some stations and monitoring networks have rigorous data quality assurance and maintenance protocols, while some stations may receive no quality assurance and maintenance.
Large-scale, gridded meteorological datasets offer an alternative to site-specific climate measurements or surrogate meteorological data for calculating WBC water storage requirements. These datasets result from the assimilation of meteorological station data and remote sensing products to calculate climatic variables such as P and PET. These gridded datasets have the advantage of large aerial coverage, meaning that results are probably available for any location, even remote sites for which actual station-based measurements may not be available or feasible to collect. Additionally, gridded meteorological data may also provide longer term records than those available from a single station, allowing investigation of longer term climatology and extremes. These gridded datasets are increasingly accessible to engineers and regulators via data portals and cloud-based computing engines such as Climate Engine (Huntington et al., 2017) , which makes them a cost-effective alternative to station-based meteorological data where such data are not available or insufficient for a given set of project objectives.
The gridded meteorological dataset (gridMET) developed by Abatzoglou (2013) includes all the variables necessary for calculating S r (i.e., P and PET). Abatzoglou (2013) used the North American Land Data Assimilation System Phase 2 (NLDAS-2; Mitchell et al., 2004) and the Parameter-Elevation Regressions on Independent Slopes Model (PRISM; Daly et al., 2008) to develop daily meteorological variables across the continental United States at 4-km spatial resolution.
Reliance on gridded datasets such as gridMET for the estimation of S r often requires acceptance by regulatory agencies and/or other stakeholders to ensure that the resulting management plans are satisfactorily protective of the environment. Ideally, this should entail verification that the gridded meteorological data provide similar outcomes (in terms of water balance and management plan performance) to station-based measurements for a given site. The objective of this study was to compare the outcomes of S r estimation and predictive WBC performance for different sites in Nevada when using station-based or gridMET-based climate variables. Limited data are available to assess the quality of S r or WBC percolation estimates derived from gridded meteorological datasets despite the large amount of literature comparing station-based and gridded meteorological data for climatological and agricultural applications (Hofstra et al., 2010; Van Wart et al., 2013; McEvoy et al., 2014; Oyler et al., 2015; Van Wart et al., 2015; Mourtzinis et al., 2017; Strachan and Daly, 2017) . These studies have often cited considerable uncertainty in crop and climatological models when utilizing gridded meteorological data as a model input. For agricultural applications, Van Wart et al. (2013) and Mourtzinis et al. (2017) noted significant uncertainty in simulated crop yields when using gridded weather data to parameterize crop production models. These are of note because some of the crop yield models used in these studies are dependent on soil-water storage, which is of interest in this study. Abatzoglou (2013) also noted limitations associated with using gridded meteorological data for ecological modeling that may also affect the estimation of S r and WBC percolation. Depending on application, a potential limitation is that meteorological data are gridded at relatively large spatial scales. While 4-km spatial resolution may be adequate at the landscape scale, this may be too large to provide accurate representation of site-scale meteorology. This is of particular concern for areas with high topographic relief, which may exhibit sharp gradients in meteorology.
The Nevada landscape is dominated by basin and range topography, leading to areas of highly variable topography. The influence of topography on site-scale climate in the Great Basin can be potentially problematic for applying gridded meteorological datasets due to complex topography (McEvoy et al., 2014) . In addition, the Great Basin has sparse station networks, with most stations located in relatively low-elevation valleys (Houghton, 1979; Daly et al., 2008; McEvoy et al., 2014) , providing limited representation of the climate across complex topography. Because gridMET variables are homogeneous within each 4-km grid cell, the gridded meteorological data may not represent site-scale conditions. In this study, gridMET-derived P and PET were evaluated relative to station-based P and PET to assess how such differences affect the estimation of S r and predicted WBC performance. McEvoy et al. (2014) evaluated the consistency between gridded meteorological data and station-based data in high-topographic-relief areas of the eastern Great Basin. They noted that there are significant challenges in providing "ground truth" for gridded meteorological data in remote areas, particularly for precipitation data. These errors were pronounced in high-elevation areas, which receive a significant portion of precipitation as snow. These errors were attributed to high errors associated with tipping bucket type rain gauges in these environments (Humphrey et al., 1997; Rasmussen et al., 2012; McEvoy et al., 2014) . McEvoy et al. (2014) also noted substantial temperature inversions between high-and low-elevation stations within a single mountain transect, highlighting the presence of microclimatic conditions that were not well replicated by gridded meteorological datasets. This is an important finding for this study in that the use of Eq. [4] relies upon daily maxima and minima temperatures. Thus, in hightopographic-relief areas that experience substantial temperature inversion, temperature-based PET calculations based on gridded meteorological data may differ substantially from station data. McEvoy et al. (2014) also noted that site-specific analysis of the agreement between station-based and gridded meteorological data is necessary when using these data for hydroclimatic calculations.
The objective of this study was to assess the differences in WBC design (estimated S r ) and predicted performance (modeled percolation) that arise when using gridMET (Abatzoglou, 2013) vs. station-based meteorological data. In this study, gridMET was accessed through the Climate Engine cloud-based computing platform (Huntington et al., 2017) to parameterize design and performance calculations for WBCs described by Albright et al. (2010) . Nevada was selected due to favorable environmental conditions (low P and high PET) for WBC performance (Apiwantragoon et al., 2015; Bareither et al., 2016) . Additionally, the prevalence of the mining industry in Nevada results in a need for the development of cover systems and other meteoric water management strategies to eventually close active mining sites. Six sites across Nevada were considered in this study. Each of these sites was chosen due to the presence of a potential opportunity for WBC application, the presence of site-specific meteorological data collection, and/or topographical variations that allowed analysis of sites subject to different climatic conditions.
Methods

Selection of Analysis Locations
Six sites were chosen at different locations to compare estimates of S r obtained using gridMET and station data: two low-elevation sites (0-1000 m asl) identified as LE1 and LE2, two moderate elevation (1000-1500 m asl) sites denoted as ME1 and ME2, and two high-elevation (1500-2000 m asl) sites identified as HE1 and HE2. Figure 2 is a map of each of the six site locations. The geographic coordinates and elevation of each site are summarized in Table 1 . Sites at different elevations were selected because climate in the Great Basin is largely dependent on elevation (Harpold et al., 2012; McEvoy et al., 2014) , leading to a diversity of climatic condition behavior for assessing the agreement between station-and gridMET-derived variables of P and PET. For each site, S r was estimated using both gridMET-and station-based P and PET.
Calculation of Required Storage
The S r is dependent on the local soil water balance, calculated as
where DS is the net change in soil-water storage, R is runoff, D l is lateral drainage, and D p is percolation drainage; R, D l , and D p are assumed to be small or minimized components of the net water balance and combined into a single sink term L (Albright et al., 2010) . Because actual ET is not typically measured, ET is estimated as a fraction (b) of PET that is calculated from station data using physically based and empirical equations. Penman-Monteith (Allen et al., 1998) or Hargreaves-Samani (Hargreaves and Samani, 1985) equations are commonly used to calculate PET. Equation [1] is rewritten to reflect these simplifications:
Albright et al. (2010) presented optimized parameters (b and L) for Eq. [2] based on regression of field soil-water balance (e.g., soil water storage and percolation) station-based meteorological data collected during the ACAP (Albright et al., 2010; Apiwantragoon et al., 2015) . The optimized values for b and L used for the sites in this study are summarized in Table 2 based on the guidance in Albright et al. (2010) . The annual water balance in a WBC is then calculated as the net change in soil-water storage:
where 1 £ i £ 6 are indices for the fall and winter months (i.e., September-February), 7 £ i £ 12 are indices corresponding to spring and summer months (i.e., March-August), and DS i is calculated using Eq.
[2] with the appropriate definitions of b and L for the ith month (see Table 2 ). Equation [3] provides an estimate of the net maximum annual expected change in soil water storage. Albright et al. (2010) concluded that the total change in annualized soil water storage that must be accounted for in a WBC system (i.e., S r ) is equal to the change in storage calculated by Eq.
[3] when certain thresholds of P/PET are exceeded, which results in water accumulation in the WBC profile. These thresholds were presented by Albright et al. (2010) and are summarized for each of the locations considered in this study in Table 2 . The LE sites were analyzed using equations for unfrozen ground with no snow detailed in Albright et al. (2010) . The ME and HE sites are all in areas that experience frozen ground and precipitation as snow in winter, and Eq.
[2] and [3] were parameterized accordingly for these sites. For all S r calculations, any negative S r was assumed to be zero per guidance in Albright et al. (2010) and Apiwantragoon et al. (2015) .
Station-Based Precipitation and Potential Evapotranspiration for Calculation of Required Storage
The values of P and PET for use in Eq.
[2] and [3] were obtained from station-based and gridMET-based calculations. Table 1 summarizes the station data source information (e.g., station ID, coordinates, and elevations). The average annual and standard deviations (s) of P and PET are summarized in Table 1 for each analysis location. Daily station data were obtained from the Utah Climate Center (https://climate.usurf.usu.edu).
Station data used in this study only include measurements of maximum temperature (T max ), minimum temperature (T min ), Table 1 . Station identifier, location, elevation, and average annual precipitation (P) and potential evapotranspiration (PET) and associated standard deviations (s P and s PET ) for each of the analysis sites. Table 2 . Parameters utilized for calculation of required storage (S r ) using Eq. and P. These data were then used for calculation of PET using the Hargreaves and Samani (1985) 
where R a is extraterrestrial radiation (mm d −1 ), k Rs (commonly 0.162) is an empirical coefficient fit to the ratio of incoming shortwave radiation and extraterrestrial radiation vs. the daily maximum and minimum temperature range, T a is the average daily temperature, and T max − T min (°C) is the difference between the maximum and minimum temperatures. The Penman-Monteith method (Allen et al., 1998 ) is based on a combination of energy balance and aerodynamics at the soil-atmosphere interface and is therefore the more physically representative estimate of PET (Archibald and Walter, 2014) . However, the variables required for Penman-Monteith method are not routinely collected, as noted by Droogers and Allen (2002) . Equation [4] , which is based on temperature and estimates of solar radiation, requires fewer variables to estimate PET. Studies comparing physically based PET (e.g., Penman-Monteith) and temperature-based PET (e.g., Eq.
[4]) demonstrate that the methods typically result in correlated but significantly different magnitudes of PET (Lu et al., 2005) .
The correlation between physically based PET calculation methods and temperature-based methods (as noted by Lu et al., 2005) should result in a similar relative correlation between estimates of S r if all other variables are equal. However, how the correlation between Eq. [4] and physically based methods is affected when comparing station-based and gridMET-based PET is unclear because individual variables such as relative humidity, temperature, and wind speed probably have varying deviations between gridMET and station-based data. Further investigation is required to understand how the selection of one PET method or the other affects consistency in station-based vs. gridMETbased estimation of S r . In this study, Eq. [4] was used to calculate PET from available station data because all of the considered stations (see Table 1 ) had the necessary variables, whereas all considered stations did not have the necessary variables of solar radiation, humidity, and wind speed to use Penman-Monteith PET formulations.
GridMET-Based Precipitation and Potential Evapotranspiration for Calculation of Required Storage
The coordinates of each station location (see Table 1 ) were used as input to Climate Engine (Huntington et al., 2017 ) to obtain daily gridMET meteorological variables for a 21-yr (1995-2015) period for each site. Climate Engine is a cloud-based web application that processes and provides access to multiple climate and remote sensing datasets (including gridMET). For this study, Climate Engine was used to produce daily P and PET to calculate S r and compare with S r calculated from station data at each of the six selected sites. Although Climate Engine provides PET data, these data are based on the Penman-Monteith method. Thus, in order for a direct comparison with station-based calculations in this study, the variables (specifically T max , T min , and T a ) required for the Hargreaves and Samani PET method (Eq. [4] ) were obtained from Climate Engine and used to calculate PET to compare with PET calculated from the corresponding station-based data. Variables not provided by gridMET via Climate Engine (specifically R a and k Rs ) were estimated following the recommendations of Hargreaves and Samani (1985) . For both station-and gridMET-based P and PET, daily station-and gridMET-based variables were summed on a monthly basis for calculation of S r using Eq.
[2] and [3] .
Comparison of Precipitation, Potential Evapotranspiration, and Required Storage from Station-and GridMET-Based Calculation
Various analytical tools are available for comparing station and gridMET P and PET. For instance, the model evaluation tools described by Fowler et al.(2018) are a robust package of statistical tools, developed in part specifically for this purpose. For the objectives of this study, the model evaluation tools developed by Fowler et al. (2018) are more computationally complex than required. Thus, a less complex statistical comparison was used and is described below.
Annual Distribution of Precipitation and Potential Evapotranspiration
The distribution of P and PET affects when, throughout the year, WBCs need to store water to prevent percolation. Therefore, comparison of the distributions between station-and gridMETbased P and PET is required to assess the efficacy of using gridMET-based P and PET for S r calculation. The distribution of P and PET were compared using a c 2 test for equivalent distributions (Cochran, 1952; Taylor, 1997; Carr, 2002; Davis, 2002) . The c 2 statistic in this study was calculated as ( )
where X meti is the station-based P or PET occurring in the ith month and X gmeti * is the gridMET-based P or PET occurring in the ith month standardized to the total annual station-based P or PET. Standardization of the gridMET-based P and PET to stationbased P and PET was performed by calculating the percentage of annual gridMET-based P or PET occurring in each month and multiplying by the total annual P or PET from the station-based data for the same site. This allowed comparison of the distributions of P and PET without bias introduced by differences in magnitude of the annual P and PET. Therefore, X gmeti * is P or PET that would occur in the ith month if the annual P and PET from gridMET were equal in magnitude to station-based data but distributed as predicted by gridMET. These standardized P and PET were used to estimate the annual S r from Eq.
[2] and [3] to evaluate the impacts on differences in data distribution on the estimated required storage. The c 2 from Eq.
[5] was used to calculate p values from a cumulative chi-squared distribution with nine degrees of freedom (Cochran, 1952; Carr, 2002) in Microsoft Excel. A significance level of a = 0.05 was adopted for hypothesis testing. For p ³ 0.05, the null hypothesis of distribution equivalence cannot be rejected (i.e., the distributions have a <5% probability of being significantly different at the c 2 calculated using Eq. [5]).
Cumulative Seasonal Precipitation and Potential Evapotranspiration
The cumulative station-based P and PET were compared with the cumulative gridMET-based P and PET for each of the "seasons" specified by Albright et al. (2010) for use in Eq.
[2] and [3] using a two-sample t-test of means (Davis 2002) . The t-tests were performed in Minitab Version 17.3.1. The t-tests were conducted with an a = 0.05 and a null hypothesis of variable equivalence. Thus, for p ³ a, station-based P and PET were concluded to be from the same statistical population as gridMET-based P and PET (i.e., the differences in the mean cumulative seasonal P and PET were not significant for the 21-yr study period). For t-tests, 21 yr of cumulative seasonal P and PET were evaluated. The fall to winter totals were calculated by summing the January, February, September, October, November, and December P and PET for each of the 21 yr. The summer totals were calculated by summing the March, April, May, June, July, and August P and PET for each of the 21 yr.
Comparison of Estimated Required Storage
Annual S r obtained from Eq.
[2] and [3] parameterized with station-based and gridMET-based meteorological variables were compared using a two-sample t-test of means to a significance level of a = 0.05. The t-tests of annual S r were performed using Minitab Version 17.3.1. For these tests, p ³ a indicates that the S r calculated using station-based meteorological variables belongs to the same statistical population as S r calculated using gridMET-based meteorological variables. Thus, for p ³ a, there is no significant difference between the calculated mean annual S r obtained using meteorological variables from station-based or gridMET data.
Evaluation of Impacts to Engineering Decisions and Estimated Performance Estimated Water Balance Cover Thickness
The S r for the LE, ME, and HE sites were used to estimate the required thickness of a monolithic WBC if the designed available storage (S a ) is equivalent to S r . Available storage (S a ) for a WBC is calculated as
where L is the thickness of the WBC storage soil layer, q c is the field capacity volumetric water content, q m is the wilting point volumetric water content, and q a is the volumetric water content available for storage (Hauser, 2009; Albright et al., 2010) . The q c is qualitatively the maximum volumetric water content (q) of a soil if allowed to freely drain via gravity. Jury et al. (1991) noted that this definition of field capacity cannot exist exactly but rather is an approximation where negligible drainage occurs and is often defined arbitrarily. In many cases, q c is defined as q at y = 30 kPa (approximately −3.1 m of suction head) or approximately 1/3 bar (Jury et al., 1991; Hauser, 2009; Albright et al., 2010) and is used in this study; q m is commonly defined as q in a soil for y = 1500 kPa or approximately −153 m of suction head (Hauser, 2009; Albright et al., 2010) and is used in this study. Because q c and q m are dependent on soil suction, a soil water characteristic curve (SWCC) model must be defined in order to calculate S a for a given WBC soil. For this study, the SWCC parameter database developed by Carsel and Parrish (1988) was used to estimate S a for monolithic WBC covers constructed from sandy loam, loam, silty loam, or clay loam soils. The Carsel and Parrish (1988) database is also the database used within the unsaturated flow model HYDRUS (Šimůnek et al., 2008) . Database parameters are appropriate in this study because no actual cover soils are being considered for construction. If this analysis were performed for an actual cover engineering project, the soil being considered for use should have a material-specific SWCC developed. Further, the intent of this study was not to recommend soils for use in WBCs but rather to investigate percolation through soils that could reasonably be considered for WBC construction with a range of hydrologic characteristics. The van Genuchten SWCC model (van Genuchten, 1980) parameterized with the Carsel and Parrish (1988) database parameters was used to calculate q at 30 and 1500 kPa of soil suction, which was applied to Eq. [6] to estimate L for the condition of S r = S a at each analysis site. The average S r for each site was used to estimate L.
Simulated Percolation from Water Balance Covers
Equations [2] and [3] were used in this study to develop estimates of S r for each analysis site based on the methods described by Albright et al. (2010) and station-based and gridMET-based P and PET. Although ACAP explored sites in a range of climates including arid and semiarid climates similar to those present in the Great Basin (Apiwantragoon et al., 2015) , no ACAP sites were located specifically within the Great Basin. Therefore, an alternative approach to evaluating WBC performance is beneficial to evaluate conditions lying outside those for which the ACAP databased regression was developed.
Water balance cover performance is commonly evaluated by performing process-based or mechanistic water balance modeling with one of several unsaturated hydrology models, as described by Scanlon et al. (2002) and Bohnhoff et al. (2009) . This approach accounts for the actual soil physical processes occurring in the unsaturated WBC system and allows prediction of D p (see Fig. 1 ) based on specific soil and climatic conditions. In this study, the unsaturated flow model HYDRUS was used to simulate percolation from monolithic WBC systems constructed of a variety of soils described by Carsel and Parrish (1988) to serve as a check on the empirically based calculation of S r . This is consistent with recommended WBC design methods presented by Albright et al. (2010) .
Total annual percolation at each analysis site was simulated using the unsaturated flow model HYDRUS Version 2.05.0200 (Šimůnek et al., 2008) . HYDRUS has been shown to reasonably reproduce field behavior for WBCs (Bohnhoff et al., 2009 ). Sixteen hypothetical, monolithic (single soil layer) WBCs were simulated for each of the LE and ME sites and Site HE1. For Site HE2, eight additional hypothetical covers were simulated for a total of 24.
The 16 monolithic (24 for Site HE2) WBCs correspond to four different soil types (see Table 3 ) simulated at four cover thicknesses (L) of 300, 450, 600, and 1000 mm. For Site HE2, two additional simulations for L = 2000 and 10,000 mm were also conducted for each of the four soils because of the high amount of P at that site (see Table 2 ) led to high percolation rates through the lower thickness WBCs. The van Genuchten-Mualem equations (van Genuchten, 1980) for the SWCC (Eq. [7] ) and unsaturated hydraulic conductivity (Eq. [8]) were utilized for hydrologic constitutive parameterization of all simulations:
where q is the volumetric water content, q s is the volumetric water content at saturation, q r is the asymptotic volumetric water content as soil suction (y) approaches infinity, and a, n, m, and l are empirical fitting parameters related to the pore-size distribution of the soil. Commonly, when applying Eq. [7] and [8] , m is defined as 1 − 1/n and l = 0.5. Schaap and Leij (2000) and Albright et al. (2010) have suggested that for many soils, particularly those utilized in WBCs (e.g., loams, silts, and clays), l should be negative. For simulation of WBCs, utilizing l < 0 has the effect of reducing the rate of decrease of K q with increasing y and decreasing q. This ultimately results in a conservative (higher) simulated percolation rate because K q remains higher for a longer period of time and under drier soil conditions. This also reduces the amount of the water budget that is applied as surface runoff in higher rate precipitation events that occur after extended dry periods. High estimates of surface runoff may lead to underestimation of percolation and inadequate WBC design thickness (Albright et al., 2010 ). An appropriate value of l is best generated from fitting Eq.
[7] to measurements of K q (Schaap and Leij, 2000; Benson, 2011, 2014) . However, Schaap and Leij (2000) showed that l = −1 is a reasonable value for several soil types and was therefore used in this study for all simulations. The q s , q r , a, and n parameters were assigned database values based on the findings of Carsel and Parrish (1988) , and m was defined as 1 − 1/n. Soil hydrologic parameters used in each simulation are summarized in Table 3 . For the 16 WBCs simulated at each analysis location (24 at Site HE2), daily station-and gridMET-based P and PET were used to define the upper model boundary condition (specified as an atmospheric boundary in HYDRUS), resulting in 32 simulations per analysis location (48 for Site HE2) and resulting in 208 total simulations. Daily atmospheric inputs from a year with close to average precipitation (within ±5% of the total average annual P) for each site were used to define the upper, atmospheric boundary condition in the simulations. The "typical" year selected and the associated total annual P as a percentage of the annual average P for each site is summarized in Table 2 . A free-drainage or unit-gradient boundary condition was used as the bottom boundary of each simulation per recommendations and methodologies presented by Scanlon et al. (2002) , Bohnhoff et al. (2009), and Albright et al. (2010) . Initial conditions for each simulation were defined as the equilibrium pressure head profile resulting from 21 consecutive model runs with the same "typical" year data. Steadystate percolation rates from the WBCs were calculated by running the "typical" year of daily meteorological data for each analysis location 21 consecutive times after the equilibrium initial conditions were obtained. This resulted in cumulative outflow that was linear in time, with a slope equal to the average annual percolation rate. The average annual cumulative outflow was normalized to a unit area of soil to obtain a percolation flux. All simulations were run assuming no vegetation on the soil cover surfaces (i.e., no root water uptake) to both simplify the modeling procedure and to obtain conservative percolation estimates.
Results
Distribution of Precipitation and Potential Evapotranspiration
Figures 3, 4, and 5 are a collection of graphs summarizing the average monthly distribution of P and PET for Sites LE1 and LE2 (Fig. 3 ), ME1 and ME2 (Fig. 4) , and HE1 and HE2 (Fig. 5) . The bars in each graph represent the average percentage of P and PET occurring in each month during the 21-yr analysis period. In Fig. 3 to 5, station-based variables are annotated as MET and grid-MET-based parameters are annotated as gMET. Points reflect the station-based P and PET data and the standardized gridMET-based Table 3 . The van Genuchten-Mualem parameters (Eq. [7] [8] ) and available water content (q a ) and K q parameters utilized for HYDRUS simulations and water balance cover storage analysis. 
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P and PET. Results from the c 2 test for distribution equivalence are presented in text boxes in Fig. 3 to 5 and summarized in Table  4 . For all statistical tests, a significance level (a) of 0.05 was used. Therefore, p values ³0.05 for the c 2 tests (see Fig. 3 -5; Table 4) indicate that distributions are not significantly different. For Sites LE1, LE2, ME1, and ME2, the average monthly distribution of station and standardized gridMET-based P are not significantly different, with c 2 test p = 0.99 for both LE sites and Site ME1, and p = 0.98 for Site ME2 (Figs. 3-5 ; Table 4 ). Thus, gridMET nearly reproduced the station-based P distribution for all of the LE and ME sites. For the HE sites, the station-based distribution of P is significantly different from the gridMETbased distribution of P. For the HE sites, the nonequivalence in distributions is indicated by a p value of <0.001 for HE1 and 0.04 for HE2 (Table 4 ). This suggests that while the distributions are different for both HE sites, the difference in distributions is greater for Site HE1. Station-based P at Site HE1 has a lower fraction of annual P allocated between October and the following March (accounting for ?42% of annual P) vs. the gridMET-based distribution of P, which allocates ?57% of the total annual P across the same time period. Approximately 58% of annual station-based P is allocated between April and September vs. ?42% for the same months for gridMET-based P. This has potential consequences for the estimation of S r because station-based P is allocated more to summer months where PET is a greater proportion of the WBC water budget, which could lead to an underestimate of S r (Hauser, 2009; Albright et al., 2010; Apiwantragoon et al., 2015) .
A possible explanation for differences in the HE1 P distributions results from the likelihood that winter precipitation at these elevations (HE1 is at 1847 m asl; Table 1) in the eastern Fig. 3 . Average monthly distribution of precipitation (P) and potential evapotranspiration (PET) (bars) for Sites LE1 and LE2 during the 21-yr analysis period and monthly total P and PET (points). Monthly gridded meteorological data (gridMET)-based totals are standardized to total annual P and PET from station (MET)-based data. Results for the c 2 distribution test are shown in each plot (p ³ 0.05 indicates distribution equivalence).
Great Basin (e.g., January-February) commonly occurs as snow. Abatzoglou (2013) attributed observed positive biases in gridMETbased P (relative to station-based P) in the western United States to the under-catchment of solid-phase precipitation (i.e., snow and ice). Measurement of snow precipitation by stations has been shown to cause a negative bias in precipitation measurements if the stations are equipped with tipping bucket rain gauges or are improperly winterized (Legates and DeLiberty, 1993; McEvoy et al., 2014) . Photographs of the Site HE1 station obtained from the Western Regional Climate Center (https://wrcc.dri. edu) indicate that the station is equipped with a tipping bucket style rain gauge. However, information regarding winterization or heating of the tipping bucket to prevent under-catchment of solid-phase precipitation is not provided in the station metadata. Thus, the combination of the site elevation and location of HE1 along with documented sources of bias are consistent with differences between station-and gridMET-based P that would be associated with under-measurement of station-based P. However, this cannot be confirmed with the available information. The station selected for Site HE2 is a Snow Telemetry (SNOTEL) site (Rasmussen et al., 2012) that is specially instrumented to collect snow precipitation data and therefore should not be as affected by under-catchment of solid-phase precipitation, which may explain the relative consistency (compared with observations from HE1) of gridMET-and station-based P at this high-elevation (1949 m) site.
Distributions of PET (see Fig. 3 -5) are less consistent than gridMET-and station-based distributions of P. All sites with the exception of HE2 had gridMET-based PET distributions that differed significantly from station-based PET. This is reflected in p values <0.05 ( Fig. 3-5 ; Table 4) for c 2 . For Site HE2, the Fig. 4 . Average monthly distribution of precipitation (P) and potential evapotranspiration (PET) (bars) for Sites ME1 and ME2 during the 21-yr analysis period and monthly total P and PET (points). Monthly gridded meteorological data (gridMET)-based totals are standardized to total annual P and PET from station (MET)-based data. Results for the c 2 distribution test are shown in each plot (p ³ 0.05 indicates distribution equivalence).
gridMET-and station-based distributions were not significantly different, with p = 0.05. The calculated p value for HE2 satisfies the significance criteria specified but is low and near the significance threshold (a = 0.05) so the gridMET-and station-based PET at Site HE2, while not significantly different, do demonstrate some deviation from one another that may be notable for S r calculations.
For Site LE1, station-based PET is allocated higher between January and May, comprising ?35% of the total annual PET vs. ?29% of the total annual PET from gridMET-based calculation for the same period. For Site LE2, the average monthly allocations of total annual PET are similar to those for Site LE1. Based on these comparisons, gridMET-based calculations allocate a lower fraction (?6% less) of annual PET to January through May than station-based calculations and consequently a higher fraction of annual PET to the remainder of the year relative to stationbased calculations. The portions of the year when station-based calculations allocate higher amounts of PET include months that contribute 43 to 44% of precipitation (see Fig. 3 -5) at Sites LE1 and LE2. The resulting differences in PET distributions potentially affect S r calculations using Eq.
[2] and [3] by allocating larger fractions of annual PET to the part of the year when P is highest and PET is lowest. This may result in lower estimates of annual S r because more P will be balanced by or lost to PET.
For station-based PET at Site ME1, a higher percentage of annual PET is allocated to January through June (?46%) relative to gridMET-based PET (?42%) during the same period. The differences in how PET is allocated at Site ME2 (between stationand gridMET-based PET) are consistent with observations at Site ME1. As with the LE sites, higher allocation of PET during these Fig. 5 . Average monthly distribution of precipitation (P) and potential evapotranspiration (PET) (bars) for Sites HE1 and HE2 during the 21-yr analysis period and monthly total P and PET (points). Monthly gridded meteorological data (gridMET)-based totals are standardized to total annual P and PET from station (MET)-based data. Results for the c 2 distribution test are shown in each plot (p ³ 0.05 indicates distribution equivalence). months has the potential to impact estimates of S r , particularly when using Eq. [3], which will result in S r = 0 for P/PET < 0.51 in fall and winter months and P/PET < 0.32 in spring and summer months. Thus, higher allocation of PET to low-P months will tend to force S r lower when using Eq.
[2] and [3] (Albright et al. 2010) .
The distribution of station-based PET at Site HE1 is significantly different from the distribution of gridMET-based PET (see Table 4 ). Deviations in the distribution of PET are generally consistent with the deviations observed for LE and ME sites where more station-based PET is allocated to the first half of the year (i.e., January-June) and gridMET-based PET is more heavily allocated to months between July and November. For Site HE2, the station-based and gridMET-based distributions of PET are not significantly different. Although not significantly different at the 0.05 significance level, deviations in the distribution can be identified by inspection of Fig. 5 . These deviations are generally consistent with those observed for all sites (i.e., higher allocation of PET during the first half of the year).
To isolate the effects of P and PET distributions on S r , Eq.
[3] was computed using the average monthly station-based P and PET and standardized gridMET-based P and PET (shown as points in Fig. 3-5) . Standardizing the gridMET-based variables results in an equivalent magnitude of total annual P and PET. Thus, any differences in S r can be attributed to how each variable is distributed throughout the year. For both LE sites, S r = 0 for this analysis whether utilizing the distribution of P and PET from station-or gridMET-based calculations. This is due to the low annual P and high annual PET for these sites. For Site ME1, S r = 17 mm when using the station-based distributions of P and PET and S r = 17 mm when using gridMET-based distributions of P and PET. For Site ME2, both the gridMET-based distribution of P and PET result in S r = 0 mm. For Site HE1, the gridMET-based distribution of P and PET results in S r = 41 mm, and the station-based distribution of P and PET results in S r = 7 mm. For Site HE2, the gridMET-based distribution of P and PET results in S r = 341 mm, and the stationbased P and PET results in S r = 350 mm. The largest differences in S r occur when there is a significant difference in the distribution of P (Sites HE1 and HE2 ). This analysis indicates that significant differences in the distribution of P and/or PET do affect calculation of S r , with differences in the distributions of P tending to result in larger impacts on estimates of S r for the sites considered.
Total Seasonal Precipitation and Potential Evapotranspiration
Figures 6 and 7 are graphs of seasonal station-based P vs. grid-MET-based P (Fig. 6 ) and station-based PET vs. gridMET-based PET (Fig. 7) . In Fig. 6 and 7, station-based results are annotated as MET and gridMET-based results are annotated as gMET. Seasonality is defined as September to February (fall-winter) and March to August (spring-summer) following Albright et al. (2010) . In Fig. 6 and 7, a 1:1 line is shown to compare the two datasets. Points plotting to the right of the lines indicate that station-based variables are higher in magnitude than gMET-based variables. Points plotting on the line indicate variable equivalence between station-and gridMET-based P and PET. In each graph, the mean, seasonal P or PET is shown as a larger, crossed symbol. Results from two-sample t-tests of the means are also shown in each plot and summarized in Table 4 . For t-test results, p ³ 0.05 indicates that the means of the seasonal station-based and gridMET-based variables are taken from the same statistical populations (i.e., the sample means are not significantly different).
Seasonal gridMET-based P is not significantly different from seasonal station-based P for all LE and ME sites during the 21-yr study period (see Fig. 6 ; Table 4 ). There is also no significant difference between station-based P and gridMET-based P for spring and summer months for HE1 and fall and winter months for HE2. Inspection of Fig. 6 also suggests that neither station-nor gridMET-based P are consistently higher or lower at the LE and ME sites. For example, at Site ME2, gridMET-based P tends to be high relative to station-based P, whereas for Sites LE1, LE2, and ME1, gridMET-based P is neither consistently high or low relative to station data. Combined with the findings that the monthly distributions of P are not significantly different between station-and gridMET-based P, this suggests that for calculation of S r , utilizing gridMET-based P or station-based P should not significantly alter the calculation of S r for the ME and LE sites. This does not suggest that S r will be equivalent for station-based and gridMETbased variables because S r is also dependent on the distribution and magnitude of PET.
For spring and summer months, station-based P for Site HE1 is not significantly different from gridMET-based P. Fall and winter gridMET-based P is significantly different from stationbased P for Site HE1 (see Table 4 ). For spring and summer months at Site HE2, gridMET-based P is significantly different (see Table  4 ) than station-based P for the same months and tends to be high Table 4 . The p values from a two-sample t-test of the means for seasonal cumulative precipitation (P) and potential evapotranspiration (PET) and p values for the c 2 distribution test for monthly distribution of P and PET. A p ³ 0.05 indicates no significant difference in seasonal mean P or PET for t-tests and no significant difference in the monthly distribution of P or PET for c 2 tests between gridded and station-based P and PET. relative to station-based P. Fall and winter gridMET-based P is not significantly different from fall and winter station-based P for Site HE2. For Site HE1, gridMET-based P in fall and winter months (see Fig. 6 ) tends to be high relative to station-based P. The difference in mean fall and winter P (P gridMET − P met ) is 75 mm, which is 67% of the mean fall and winter station-based P. The higher gridMET-based winter P is consistent with findings by multiple investigators (e.g., Legates and DeLiberty, 1993; Abatzoglou, 2013) that indicate that gridded meteorological models (e.g., gridMET) tend to be biased high relative to station-based P where solid-phase precipitation occurs, usually due to instrumentation limitations in Fig. 6 . Total seasonal station (MET)-based precipitation (P) vs. total seasonal gridded meteorological data (gridMET)-based P. Winter P is shown as filled triangles; summer P is shown as open circles. Large crossed symbols are seasonal means calculated for the 21-yr analysis period. Results from a two-sample t-test of means are shown in each plot; p ³ 0.05 indicates no significant (a = 0.05) difference in the mean seasonal P between MET-based and gridMET-based P.
p. 13 of 19 measuring this type of precipitation (i.e., snow and ice). Due to the elevation and location in the Great Basin of Site HE1, a portion of winter P is expected to occur as snow or ice (Houghton, 1979; Harpold et al., 2012) .
For Site HE2, under-catchment of solid-phase precipitation should be less of a problem than for Site HE1 because HE2 is a SNOTEL monitoring station, which includes instrumentation specifically designed to account for solid-phase precipitation. The data in Fig. 6 and statistical results summarized in Table 4 suggests that the station-based P is more consistent with gridMETbased P at Site HE2 than at Site HE1, with a difference in how stations at each site measure solid-phase P. Additional comparison of high-elevation sites is required to identify whether the differences observed in this study are due to under-catchment of snow and ice precipitation or whether these are coincidental observations restricted to the sites selected for this study. For the HE sites in this study, gridMET tends to result in fall and winter P that is higher or equivalent and therefore more conservative in terms of WBC S r calculation.
Station-based PET is significantly different from gridMETbased PET for both LE sites in spring and summer months and for Site LE1 in fall and winter months (see Fig. 7 ; Table 4 ). For Site LE2, fall and winter gridMET-based PET is not significantly different from station-based PET. For both LE sites and all seasons, station-based PET tends to be biased high relative to gridMETbased PET (see Fig. 7 ). This bias is also observed for fall and winter months for Site LE2 (see Fig. 7 ) despite t-test results indicating no significant difference between station-based and gridMET-based higher relative (to station data) PET. Thus, for calculating S r , grid-MET results in a more conservative (tending toward higher S r ) calculation of PET for Sites LE1 and LE2.
For Site ME1, no significant difference in the mean seasonal PET is indicated by t-tests for fall and winter or spring and summer (see Fig. 7 ; Table 4 ). Seasonal differences at ME2 are 2% of the total station-based PET for fall and winter and 2% of the total station-based PET for spring and summer, with gridMETbased calculations higher in fall and winter and station-based calculations higher in spring and summer. For Site ME1, the gridMET-based PET tends to be low relative to station-based PET in summer when PET is highest. However, this difference is small (2% of station-based PET) and statistically insignificant (see Table 4 ).
For Site ME2, the mean station-based PET is significantly different from gridMET-based PET for fall and winter (see Fig.  7 ; Table 4), and station-based PET is not significantly different from gridMET-based PET for spring and summer. For fall and winter, gridMET-based PET is high relative to station-based PET for Site ME2 by 14% of the total mean station-based PET for fall and winter. For spring and summer, the difference is 1% of the total mean station-based PET. For Site ME2, gridMET-based PET tends to be high relative to station-based PET in winter, which would tend toward lower (less conservative) calculation of S r . However, in summer, when PET is highest and most effective at removing water from a WBC, the difference in PET is insignificant, as indicated by the p values in Table 4 .
Winter station-based PET is significantly different than fall and winter gridMET-based PET for both HE sites ( Fig. 7 ; Table  4 ). For Site HE1, spring and summer station-based and gridMETbased PET are not significantly different (p = 0.28) but are significantly different for Site HE2 (see Fig. 7 ). Differences in the mean fall and winter PET are 6% of the mean station-based PET for Site HE1 and 6% of station-based PET for Site HE2. For spring and summer, differences in the mean PET are 4% of the mean station-based PET for Site HE1 and 15% of the mean station-based PET for HE2. For all seasons, gridMET-based PET tends high relative to station-based PET at Site HE1 (see Fig. 7 ), resulting in less conservative calculation of S r . However, the difference in spring and summer PET, when most of the annual PET occurs (see Fig. 5 ), is insignificant and therefore the effect on S r may be reduced. For Site HE2, all seasonal station-based PET is higher than gridMET-based PET, suggesting that gridMET-based PET tends toward a more conservative calculation for S r . Figure 8 is a collection of graphs of annual S r calculated using gridMET-based (annotated as gMET) P and PET vs. station-based (annotated as MET) P and PET in Eq.
Annual Required Storage
[2] and [3] . The average S r calculated for each site is also summarized in Table 5 for both station-based and gridMET-based P and PET. In Fig. 8 , results from two-sample t-tests of the means of S r calculated for the 21 yr of the study period are shown as p values relative to a significance level of a = 0.05. For p ³ a, the S r computed using gridMET-based variables was concluded to be not significantly different from S r calculated using station-based variables. The results of these tests are also summarized in Table 5 . A 1:1 line is also shown in each graph in Fig. 8 . Values of S r plotting to the left of the 1:1 line indicate higher calculated S r using gridMET-based variables.
For both LE sites, S r calculated using gridMET-based P and PET is not significantly different from S r calculated using stationbased variables ( Fig. 8 ; Table 4 ). The difference in the average S r calculated for the 21-yr investigation period is 1 mm for LE1 (grid-MET-based S r = 9 mm and station-based S r = 10 mm) and 2 mm for LE2 (average gridMET-based S r = 26 mm and station-based S r = 28 mm), which is an 8 to 10% difference for the two sites. For both ME sites, the station-based and gridMET-based S r are not significantly different (see Table 4 ). The average S r for Site ME1 is 28 mm for station-based P and PET and 25 mm for gridMETbased P and PET (a difference of 3 mm or approximately 10%). For Site ME2, the difference in S r is 3 mm or approximately 16%.
For the HE sites, gridMET-based S r was significantly different and consistently higher (see Fig. 8 ; Table 5 ) than station-based S r . For Site HE1, the average station-based S r was 48 vs. 105 mm for gridMET-based S r (a 120% difference). For Site HE2, the stationbased S r was 350 mm vs. 458 mm for gridMET-based S r (a 31% difference). This is consistent with the observed deviations in seasonal P, which are higher for gridMET-based P. Thus, for both of the HE sites considered in this study, using gridMET results in a conservative (higher) S r . Table 5 summarizes estimates of L for each of the four soil types considered for average S r conditions using both gridMETand station-based P and PET. Estimated cover thicknesses from this analysis are between 100 and 600 mm at LE1, 300 to 1700 mm at LE2, 300 to 1800 mm at ME1, 300 to 1300 mm at ME2, 600 to 6500 mm at HE1, and 4100 to 28,500 mm at HE2. This is not to suggest that a 4100-or 28,000-mm-thick cover would or should be constructed but rather is a presentation of the outcome of the simplified water balance method developed by Albright et al. (2010) . The lowest estimates of L occur for silt loam soil, which has the largest available water content (q a in Table 5 ). The highest thickness estimates occur for sandy loam soils, which have the smallest q a of the soils considered. When using the methods described to estimate S r and subsequently L, gridMET-based P and PET tend to either be not significantly different from station-based calculations (LE and ME sites) or higher when using gridMET. Figure 9 is a graph of the average annual percolation from all of the WBC covers simulated using HYDRUS (Šimůnek et al. 2008 ) for a year with typical (average) precipitation obtained from station-based (annotated as MET) vs. simulated percolation when using gridMET-based (annotated as gMET) data to define the modeled atmospheric boundary condition. All simulated soil types, cover thicknesses, and sites are included in Fig. 9 for general comparison of percolation whether using gridMET-based or station-based atmospheric conditions defining the upper model boundary. Due to the wide range of simulated percolation rates, Fig. 9 is presented with logarithmic scale axes. In Fig. 9 , the dashed lines represent the ratios of gridMET-based percolation to stationbased percolation.
Simulated Water Balance Cover Performance
The model results in Fig. 9 indicate that for the majority of conditions considered in this study, gridMET-based atmospheric variables result in simulated percolation rates between one and five times those simulated using station-based atmospheric variables. For Site HE1, the gridMET-based percolation was even more conservative at between five and 10 times station-based percolation. This could be a further indication of station-based data undercounting winter precipitation at high-elevation sites, consistent with previous discussion on this issue. For Site HE2, percolation was higher when using gridMET-based P and PET but by less than two times the percolation using the SNOTEL station-based atmospheric variables. Thus for five of the six sites considered in this study, gridMET-based atmospheric variables resulted in equivalent or more conservative estimates of percolation and thus WBC storage design. However, this finding cannot be applied generally because simulated station-based percolation for Site ME1 was one to two times the gridMET-based percolation (see Fig. 9 ).
The results in Fig. 8 and 9 are consistent with the differences in seasonal P and PET shown in Fig. 6 and 7. For all of the sites, there was either no significant difference in seasonal gridMET-based or station-based P, or seasonal gridMET-based P was typically higher. Station-based PET at all sites is typically significantly higher (particularly in spring and summer months) than gridMET-based PET or the two are not significantly different. Significantly higher gridMET-based PET (relative to station-based), when observed, usually occurs for fall and winter months (see Fig. 7 , Sites ME2 and HE1), when ET is less efficient at removing water from a WBC system. However, based on the analyses presented in Fig. 3 to 5 and simulated percolation fluxes (Fig. 9) , differences in seasonal PET appear to impact percolation and storage calculations less than differences in the distribution and cumulative seasonal P. For all simulations (i.e., all soil types and thicknesses), the simulated percolation rates are graphed as a percentage of annual rainfall vs. S a (calculated using Eq. [6]) in Fig. 10 to compare with the published literature describing percolation rates from conventional, barrier-style covers. The estimated S r for each site estimated using Eq.
[2] and [3] evaluated with station (annotated as MET in Fig. 10 ) and gridMET-based (annotated as gMET in Fig. 10 ) P and PET are shown as vertical lines in Fig. 10 for comparison. For barrier-style covers, several researchers have reported percolation rates between 4 and 25% of annual P for monolithic compacted soil (Warren et al., 1996; Melchior, 1997; Dwyer, 2001; Albright et al., 2004 Albright et al., , 2006a Albright et al., , 2006b ) and between 0 and 7% of annual P for composite barriers. Composite barriers generally include a compacted or remolded fine-textured soil and one or more synthetic materials such as a high-density polyethylene membrane or geosynthetic clay liner (Melchior, 1997; Dwyer, 2001; Loehr and Haikola, 2003; Albright et al., 2004) . Composite covers are often considered the design standard in many containment system design applications and therefore often serve as performance standards for alternative (e.g., WBC) cover systems (Albright et al., 2010) .
The model results in Fig. 10 demonstrate that for the ME and LE sites as well as Site HE1, the simulated WBCs perform within the range of composite barrier-style covers in terms of percolation as a percentage of precipitation (0-7%) for S a ³ S r calculated using Eq.
[2] and [3] . This was true whether S r was calculated using station-or gridMET-based P and PET and the station-or gridMET-based simulation of percolation (see Fig. 10 ). This is a significant finding in that the empirical data used to derive Eq. [2] and [3] were collected at sites outside the Great Basin, and the analysis presented here suggests that Eq.
[2] and [3] do hold for certain locations in the Great Basin.
For Site HE2, the simulated percolation as a percentage of annual precipitation was not less than 35% regardless of cover soil type and thickness. For Site HE2, cover thicknesses of each soil Table 5 . Required storage (S r ) calculated from gridded meteorological data (gridMET) and station data (MET) for average conditions for each site and four different soil types and corresponding estimated water balance cover thickness (L) required to achieve S r based on available water content (q a ). Albright et al. (2010) . ‡ t-test p ³ 0.05 indicates no significant difference in the mean S r calculated using station-or gridMET-based precipitation and potential evapotranspiration. § As defined by Carsel and Parrish (1988) . ¶ q a = q c − q m for field capacity (q c ) and wilting point (q m ); q c calculated as q at 3.1 m (30 kPa) of suction and q m is q at 153 m (1500 kPa) of suction. up to 10 m were simulated to evaluate the trend in percolation for S a ³ S r . For Site HE2, S r was between 350 mm (MET-based) and 460 mm (gridMET-based) when estimated using Eq. [3] . Figure  10 indicates that for even S a ³ S r , the simulated WBCs still had percolation exceeding 25% of the annual precipitation. Thus, for Site HE2, Eq.
[2] and [3] appear to predict inadequate S r . This is illustrative of the limitations of estimation of S r by Eq. [2] and [3] . This is potentially due to the limited amount of empirical data behind Eq.
[2] and [3] in areas where there is high snowfall at high elevation. However, for the soils considered, in order to achieve S a ³ S r , a WBC at Site HE2 would have to be between 4 and 30 m thick (see Table 5 ). Thus Eq.
[2] and [3] may provide a screening level indication as to whether a WBC is feasible, directing further analysis decisions.
Conclusions
Water balance cover systems provide an attractive and potentially cost-effective alternative to monolithic compacted soil or composite hydrologic barrier style cover systems. However, design and permitting of a WBC system requires design of adequate soil water storage capacity. This design is largely dependent on the local balance and temporal distribution of P and ET (often approximated as a fraction of PET). The gridMET gridded meteorological model was compared with more traditionally relied upon station-based data for estimating S r and simulating percolation through a WBC with the soil water flow model HYDRUS at six sites in three elevation ranges across the Great Basin in Nevada. The key findings of this study are the following:
1. Monthly distributions of P are consistent between station-and gridMET-based P for all sites except HE1. Distribution of PET was less consistent between station-and gridMET-based calculations, with significant differences (p < 0.05 for a c 2 test of distributions) for all sites except ME1 and HE1. For these two sites, the c 2 p values were 0.07 and 0.09, indicating narrow agreement in the distributions. However, when correcting for differences in magnitude, differences in the distribution of PET do not appear to influence estimates of S r as much as differences in P.
2. For all of the LE and ME sites, the cumulative seasonal P is not significantly different (two sample t-test of means p ³ 0.05) during the 21-yr study period. For both HE sites, gridMETbased winter P is consistently high relative to station-based winter P. This is possibly attributed to documented limitations of station-based measurements when collecting solid-phase precipitation (i.e., snow and ice), which is expected to occur at high elevation in the Great Basin but cannot be confirmed with available station-station metadata.
3. For low-elevation and moderate-elevation sites (0-1500 m asl), gridMET-based estimates of S r (from Eq.
[3]) are not significantly (two-sample t-test of means p ³ 0.05) different from station-based estimates of S r . For high-elevation sites (1500-2000 m asl), gridMET-based S r was significantly higher than station-based S r , resulting in more conservative design criteria (i.e., higher designed S a and L).
4. For all sites except ME1, annual WBC percolation rates simulated by HYDRUS when using gridMET to define atmospheric boundary conditions are higher than percolation rates simulated using station-based data to define the upper, atmospheric boundary. These findings suggest that using gridMET for the sites considered here provides equivalent or more conservative (higher storage requirements) WBC design parameters than station-based calculations. However, this relationship was not ubiquitous because simulated percolation is higher for Site ME1 when using station-based atmospheric variables.
5. For all LE and ME sites and Site HE1, estimates of S r for WBCs obtained from Eq.
[2] and [3] corresponded to simulated percolation rates below 7% of annual precipitation when S a for the simulated WBC was greater than or equal to S r calculated using Eq.
[2] and [3] . This is in the reported range of performance for a composite, barrier style cover. Therefore, for the sites considered in this study, Eq.
[2] and [3] appear to provide reasonable guidance to estimate WBC thickness and S r . However, for Site HE2, simulated percolation exceeded 25% of annual precipitation for WBCs up to 10 m thick, which satisfies the requirement of S a ³ S r . Thus, for Site HE2, Eq.
[2] and [3] did not provide reasonable estimates of S r , suggesting a limitation of these equations in areas where there is high snowfall and high elevation. . Percolation through monolithic water balance covers (WBCs) simulated in HYDRUS with the upper atmospheric boundary condition defined using gridded meteorological data (gridMET)-based precipitation (P) and potential evapotranspiration (PET) vs. simulated percolation from HYDRUS using station (MET)-based P and PET. Simulated percolation rates are for simulations of sandy loam, loam, silty loam, and clay loam soils at 300-, 450-, 600-, and 1000-mm thickness for the LE, ME, and HE1 sites, with the addition of 2000-and 10,000-mm thickness for Site HE2. Dashed lines represent the ratio of gridMET-based to MET-based percolation. [6]. Vertical, red, dashed-dotted lines mark required storage (S r ) calculated by Eq.
[2] and [3] using station (MET)-based precipitation (P) and potential evapotranspiration (PET). Vertical, blue, dashed lines mark S r calculated with Eq.
[2] and [3] using gridMET-based P and PET. Horizontal dotted lines mark percolation as a percentage of annual precipitation ranges of 0 to 7 and 4 to 25% corresponding to published percolation rates through conventional compacted soil (4-25%) and composite barrier systems (0-7%).
